. Microbial electrolysis contribution to anaerobic digestion of waste activated sludge, leading to accelerated methane production. Renewable Energy, 91,[334][335][336][337][338][339] reactor. According to balance calculation on electron transfer and methane yield, the increased methane 22 production was mostly dependent on electron contribution through the ME system. Thus, the use of the 23 novel ME-AD reactor allowed to significantly enhance carbon degradation and methane production from 24 WAS.
Introduction

30
The large amount of activated sludge generated during wastewater treatment poses a critical threat (when 31 not properly disposed) to ecological systems [1] , while proper treatment and disposal of excess sludge is 32 quite expensive (Wei et al. 2003) . On the other hand, anaerobic digestion (AD) is widely used for sludge 33 reduction as an energy saving and recovering method [2] . However, AD rate is substantially limited by the 34 first two steps (hydrolysis and acidogenesis) to convert complex organic compounds into suitable substrates 35 for methanogenesis, in raw sludge [3] [4] [5] . Commonly, it takes from 20 to 30 days to degrade 30-50% of the 36 total COD or volatile solids (VS) of raw WAS, under mild environmental conditions [6] . The pressure of 37 rapid human population growth and increasing energy demand have thus promoted further research on 38 development and improvement of an rate-accelerating AD process, in order to enhance biogas production 39 and achieve faster degradation rate from WAS [7, 8] .
40
Recently, some researchers pointed out that bioelectrochemical systems have the ability to promote carbon 41 oxidation on anode and in-site CO 2 capture and reduction on cathode, thus providing additional CH 4 42 formation in an integrated AD system [9, 10] . Recently a direct interspecies electron transfer for 43 methanogenesis has been proved between Geobacter and Methanosaeta [11] . However, few efforts have 44 been made to better understand bioelectrochemical contributions to organic conversion or methane 45 promotion, which is very important to achieve viable reactor operations in the future. Lately energy-flow pathways, leading to methane production from CO 2 reduction [11]. Therefore, it is possible to 54 stimulate a fast methane production with the contribution of microbial electrolysis process. On the other 55 hand, the exact contribution of microbial electrolysis system in AD for sludge treatment still needs to be 56 well understood, both in terms of its contribution to enhanced substrate degradation, as well as 57 enhancement of methane production rate.
58
Therefore, in this study, a coupled system was tested, by putting a microbial electrolysis (ME) system into 59 an AD system, for raw waste activated sludge treatment at mild environmental conditions. The microbial 60 electrolysis system was enriched in MECs and the anodic biofilm was subsequently used to set up the ME-61 AD reactor. The performance of the methane production rate was evaluated, based on current electrons in 62 the circuit of the ME-AD system. Moreover, functional communities (on key positions) were analyzed by Table S1 . Bi-frequency ultrasonic pretreatment was performed with 28+40 kHz ultrasonicator 
105
Purified PCR products were quantified as described for the DNA extracts, then stored at -20 °C before 106 pooling for sequencing. 3. Result and discussion 3.1 Fermentation products and enhanced organic removal in ME-AD system.
143
The ME-AD and AD control reactors were directly filled with ultrasonic-pretreated WAS and operated 144 under batch operation (1 day). The highest VFAs accumulation in the AD reactor was 5100 mg COD/L 145 (from the 3 rd to the 10 th day), while it increased to 4300 mg COD/L in the ME-AD reactor (Fig. S3 ).
146
Methane production was detected after 4 days operation in all reactors. The current was below 2 mA in the 147 first 5 days, under a supplied voltage of 0.8 V. Subsequently, current in the ME-AD reactor started to 148 increase sensibly, going from 2.2 mA, (the 6 th day) up to 11.8 mA on the 10 th day (Fig. S2) . Methane 149 production was simultaneously increased from 100 mL to 1200 mL during 10-35 day (Fig. 1) 
Methane production balance calculation based on electron transfer
When bioelectrochemical contribution to methane production was evaluated, based on electrons in current, 172 the difference between the ME-AD and the AD control was quite close to the part of methane deriving 173 from bioelectrochemical contribution, suggesting that the increased part of methane was contributed mostly 174 by microbial electrolysis process. For instance, when methane production accelerated (between day 16 and 175 20) with a current of 11.08 ± 0.40 mA, the methane production averaged 66.98 mL per day in ME-AD. The 176 calculated (average) methane generation (representing the biochemical contribution) was 27.8±1.0 mL per 177 day, based on current, while methane production in the AD control averaged 33.56 mL per day.
178
In addition, it was also proved when ME-AD was operated in open circuit (Fig. 2) . The methane production 179 decreased from 55.9±9.7 mL to 25.3±6.9 mL when the applied voltage was removed (Table S2) 
188
Community structure showed prominent changes on functional groups on the family level (Fig. 3) 
200
Furthermore, there was a great contribution to extracellular electron transport, witnessed by the anode 201 respiring communities found (Fig. 4) 
202
Geobacter accounted for over 20% of total genus detected in the anode biofilm of ME-AD system (it was 203 only 0.11% at the start-up) and was also detected in the cathode biofilm (0.33%). Probably, the great 
211
Methanogens detected in the suspended solution were as low as 0.03% in AD and 0.05% in ME-AD, 212 compared to 0.3% of the sludge start-up (Fig. 4) . On the other hand, there was a remarkable ten-fold 213 increase (0.56%) in anode biofilm (data not shown) of ME-AD system, at the end of the study. In addition, 214 acetotrophic methanogens also increased (from initial 0.03% to 0.49%) in anode biofilm. Interestingly, they 215 did not further increased in the ME system, despite the higher VFAs (i.e. acetate) concentration.
216
Methanosaeta was the dominant class of acetotrophic methanogens in sludge start-up, with 0.27% out of 217 total genus detected, while only 0.03% of total hydrogenotrophic methanogens were detected during sludge 218 digestion. In the cathode biofilm, hydrogenotrophic methanogens were substantially boosted, which well 219 supported the increased methane production rate. Few hydrogenotrophic methanogens were detected in 220 suspended solution surrounding the electrodes.
221
Although it was inevitable to inhibit methanogens in the system 
